Acute humoral xenograft rejection (AHXR), characterized by thrombin generation and endothelial cell activation, should be overcome for the success of xenotransplantation. Fibrinogen-like protein 2 (fgl2) expressed on endothelial cells can convert prothrombin to thrombin directly, which indicates that the induced fgl2 expression in activated endothelial cells can contribute to thrombosis. In xenotransplant condition, the interaction between human CD40L and porcine endothelial CD40 can activate endothelial cells. In this study, we investigated the effect of endothelial cell activation through the interaction between human CD40L and porcine CD40 on fgl2 expression and its function as a direct prothrombinase. We found that CD40 stimulation up-regulated fgl2 expression as well as its enzymatic activity in porcine endothelial cells. Moreover, functional studies using knock-down system showed that the major factor converting human prothrombin to thrombin is fgl2 protein expressed on porcine endothelial cells. Overall, this study demonstrates that fgl2 expression can be induced by xenogeneic CD40 signal on endothelial cells and contribute to thrombin generation.
Introduction
Organ shortage in transplantation can be solved by xenotransplantation, the transplantation of organs from different species. Hyperacute xenograft rejection (HXR), an obstacle observed early after transplantation, is considered to be overcome by the generation of α1,3-galactosyltransferase knockout (GalT KO) pigs (Phelps et al. 2003; Kolber-Simonds et al. 2004) . Indeed, in pig-to-nonhuman primate xenotransplantation using GalT KO pig, the heterotropic heart and kidney xenograft survived for 6 and 3 months, respectively, indicating that HXR could be successfully overcome (Shimizu et al. 2008; Ekser et al. 2009 ). However, acute humoral xenograft rejection (AHXR) still remains to be conquered for successful xenotransplantation. One of the causes of GalT KO pig xenograft failure could be thrombotic microangiopathy, which is caused by injury or activation of endothelial cells. Several studies have shown that the exposure of endothelial cells to xenoreactive natural antibodies, complements, platelets, immune cells, or cytokines, causes a loss in the natural anticoagulant state, and the acquisition of procoagulant state through a combination of morphological changes and altered gene expressions (Bach et al. 1994; Robson et al. 1995) . In addition, porcine endothelial cells are capable of generating thrombin directly from the human prothrombin, in the absence of other coagulation factors (Jurd et al. 1996; Siegel et al. 1997) . While there are increasing evidences pointing to the activation of graft endothelial cells as a major cause of thrombosis, the putative molecular mechanism that may promote coagulation in xenografts remains to be solved (Cowan 2007; Cooper et al. 2015 Cooper et al. , 2016 .
Fibrinogen-like protein 2 (fgl2) has direct prothrombinase activity without a classical prothrombinase complex (Chan et al. 2002; Yang and Hooper 2013) . Previous studies have shown that fgl2 is involved in experimental xenograft rejection. This is achieved by mediating coagulation, fibrin deposition, and microthrombus formation; typical pathological changes resulting in acute humoral xenograft rejection (Ghanekar et al. 2004; Ning et al. 2005; Cooper et al. 2015) . Another study suggested that allograft rejection correlates with fgl2 expression and can be prevented by the administration of neutralizing anti-CD154 (Cluster of Differentiation 40L; CD40L) monoclonal antibody (Hancock et al. 2004 ), although the mechanism by which fgl2 inhibition occurs was not elucidated.
We previously reported that porcine endothelial cells can be activated by xenogeneic interaction between human CD40L (hCD40L) and porcine CD40 (pCD40) (Choi et al. 2008) . In this study, based on our previous report, we have investigated potential prothrombotic microenvironments mediated by fgl2 molecule on endothelial cells activated by the xenogeneic interaction between hCD40L and pCD40. We found that fgl2 expression was increased by CD40 stimulation in porcine endothelial cells by human CD40L expressing cells (Jurkat D1.1 or THP-1), or agonistic anti-CD40 antibody in RNA and protein levels. Functional studies using knock-down system clearly showed that fgl2 expressed on endothelial cells plays a key role for converting human prothrombin to thrombin. Overall, this study demonstrates that xenogeneic CD40 signal can contribute to thrombin generation by up-regulating fgl2 expression on endothelial cells.
Materials and methods

Cells and reagents
MPN3, a miniature pig aortic endothelial cell line ), Jurkat D1.1, a human T cell line, and THP-1, a human monocytic cell line, were used. MPN3 was cultured or co-cultured with Jurkat D1.1 or THP-1 cells in Dulbecco's modified essential media (DMEM) (Wellgene, Korea) supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Technologies, CA), and 1% antibiotic/antimycotic (Gibco) at 37°C containing 5% CO 2 . Neutralizing anti-CD154 antibody (Clone 24-31) was purchased from Ancell (MN, USA). Recombinant human TNF-α was purchased from eBioscience (CA, USA) and the agonistic anti-CD40 antibody (Clone 82111) was purchased from R&D system (MN, USA).
Reverse transcription-polymerase chain reaction (RT-PCR)
The expression of fgl2 transcripts were analyzed by semiquantitative RT-PCR with fgl2-specific primers (forward:
and GAPDH (glyceraldehyde 3-phosphate dehydrogenase)-specific primers (forward: 5 ′ -ACAGCCTCAAGATCATCAGCAAT-3 ′ , reverse: . Anti-fgl2 monoclonal antibody (Clone 6D9) was purchased from Abnova (Taiwan) and anti-α-tubulin monoclonal antibody was purchased from AbFrontier (Korea). HRP-conjugated goat anti-mouse IgG antibody was purchased from Santa Cruz biotechnology (TX, USA).
Immunofluorescence microscopy
Immunofluorescence microscopy was performed as described previously . Briefly, the attached MPN3 cells were fixed and incubated at room temperature (RT). The cells were then incubated with anti-fgl2 antibody and then with FITC-conjugated mouse IgG antibody (Santa Cruz biotechnology, TX, USA). These cells were mounted on glass slides using Fluoroshield™ with 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich). Images were obtained using a LSM5 PASCAL fluorescence microscope (Zeiss, Germany).
Thrombin generation assay
Thrombin generation assay was performed as reported in a previous study (Ghanekar et al. 2004 
Knock-down experiments using shRNA expression vectors
Short hairpin RNA (shRNA) sequences for porcine fgl2 and CD40 mRNA were selected, confirmed to be specific for the target genes, synthesized chemically (Table 1) , and inserted into the shRNA-expressing vector (pSNU6-1) (Choi et al. 2005) . Knock-down efficiency was confirmed by introduction of shRNA vector into COS-7 (shRNA against CD40; shCD40) or MPN3 (shRNA against fgl2; shFgl2) cells. Then, MPN3 cells were transfected with each shRNA expression vector and treated with agonistic anti-CD40 antibody (5 μg/mL) for 48 h. After incubation, thrombin generation assay was performed.
Statistical analysis
Statistically significant differences were identified by Student's t-test using SPSS 18.0 (SPSS Inc., NY); p < 0.05 values were considered to be statistically significant.
Results
Fgl2 expression induced by CD40 signal
The amino acid sequences of human and porcine fgl2 protein were compared using the Clustal X program {Jeanmougin et al. 1998} and a high sequence homology (90%) was observed. In addition, the amino acid sequences of fibrinogen-related domain (FRED) in the C-terminus of fgl2 were conserved, which means the molecular compatibility of fgl2 molecule across species ( Figure 1A ). To determine whether the fgl2 expression in porcine endothelial cells could be modulated by interactions with human cells, MPN3, a porcine endothelial cell line, was co-cultured with Jurkat D1.1, a human T cell line. Semi-quantitative RT-PCR results showed that the induction of fgl2 mRNA in MPN3 cells occurred as quickly as 30 min. Interestingly, when MPN3 cells were co-cultured with Jurkat D1.1 cells pre-incubated with neutralizing anti-CD40L antibody, fgl2 expression was not affected ( Figure 1B ). Following confirmation of porcine fgl2 up-regulation by CD40L-expressing human T cells, MPN3 cells were stimulated with another cell line expressing CD40L (THP-1, a human monocytic cell line), or with human TNF-α (20 ng/mL), a strong proinflammatory cytokine activating porcine endothelial cells [17] . To investigate whether the CD40 signal was solely responsible for the up-regulation of fgl2, the MPN3 cells were treated with an agonistic anti-CD40 antibody (clone 82111). Western blot analysis showed that the expression of fgl2 was up-regulated at 4 h after treatment with TNF-α or an agonistic anti-CD40 antibody. On the other hand, fgl2 expression was induced very rapidly when MPN3 cells were co-cultured with THP-1 cells ( Figure 1C ). These results indicate that xenogenic CD40 signal can induce the expression of fgl2 in porcine endothelial cells.
Up-regulation of fgl2 expression on endothelial cells by CD40 signal
Next, immunofluorescence microscopy analysis was performed to investigate the expression of fgl2 on endothelial cells and showed that fgl2 expression on MPN3 cell surface was increased at early time after treatment with Up-regulation of fgl2 on porcine endothelial cells. Immunofluorescence microscopy was performed to identify fgl2 protein expression on the endothelial cell surface. Fgl2 protein expression on the endothelial cell surface was up-regulated at an early time by TNF-α or agonistic anti-CD40 antibody and decreased after 9-12 h. DAPI staining was carried out to identify the cell nuclei.
agonistic anti-CD40 antibody as well as TNF-α (Figure 2 ). Fgl2 expression on endothelial cells was induced from 3 h after treatment of TNF-α and anti-CD40 antibody, which means that fgl2 expression can be up-regulated on endothelial cells stimulated with CD40 signal as well as with a pro-inflammatory cytokine.
3.3. Up-regulation of fgl2 prothrombinase activity by CD40 signal
The prothrombinase activity of fgl2 was investigated using the thrombin generation assay. MPN3 cells were stimulated with an agonistic anti-CD40 antibody, or TNF-α as a control, harvested at various time points (0, 1, 3, 6, 9, 12, 18 and 24 h) , and analyzed for the prothrombinase enzyme activity which regulates the generation of thrombin from human prothrombin (Figure 3) . The results showed a 1.5 fold increase in the prothrombinase activity of fgl2 from 3 to 9 h after stimulation using an agonistic anti-CD40 antibody. Pro-inflammatory TNF-α, used as a positive control, increased fgl2 function in MPN3 cells. Negative control reactions, missing either prothrombin or MPN3 cells, did not generate any prothrombinase activity, confirming that the assay was not contaminated with thrombin (data not shown). These results indicate that prothrombinase activity of fgl2 in endothelial cells can be induced by stimulating CD40 signal as well as TNF-α.
Knock-down effect on prothrombinase activity of fgl2
Knock-down system expressing shRNA was used to validate the role of CD40 molecule in the up-regulation of fgl2. The suppressive effects of shCD40 and shFgl2 were verified by immunofluorescence microscopy and western blot analysis, respectively ( Figure 4A, 4B) . At 48 h after transfection, porcine endothelial cells were stimulated with agonistic anti-CD40 antibody and thrombin generation assay was performed ( Figure 4C ). MPN3 cells expressing control shRNA (shCTR) were used as a negative control and showed a similar basal activity to that of non-transfected MPN3 cells (Figure 3 ) for thrombin generation. Similar to the previous result (Figure 3 ), fgl2 prothrombinase activity was up-regulated by CD40 signal during 3-9 h and reduced from 12 h. Interestingly, when compared to the control MPN3 cells (shCTR), fgl2 prothrombinase activity was not induced by the CD40 signal in CD40 knock-down MPN3 cells (p < 0.01). Moreover, prothrombinase activity in MPN3 cells expressing shFgl2 was much lower than that in shCD40-expressing MPN3 cells, even before stimulation ( Figure 4C ). These functional studies using knock-down system indicate that thrombin generation can be increased by fgl2 molecule whose expression is up-regulated by stimulating CD40 signal in endothelial cells.
Discussion
Thrombosis and fibrin deposition are known as key processes in acute humoral xenograft rejection (AHXR). When porcine endothelial cells are activated, the expressions of co-stimulatory molecules, various cytokines/chemokines, or pro-coagulant molecules such as tissue factor are up-regulated. Indeed, in pig-to-baboon xenotransplantation using transgenic pig for human decay-accelerating factor (hDAF), the transplanted porcine kidney showed features of AHXR such as thrombotic microangiopathy, interstitial hemorrhage, intravascular thrombosis, and fibrin deposition (Ghanekar et al. 2002; Zhong et al. 2003; Miwa et al. 2015) . This susceptibility of porcine endothelial cells to coagulation and thrombosis may be induced due to the molecular incompatibility of anti-coagulant molecules between two species (Cowan & d'Apice 2008; Miwa et al. 2015) . Meanwhile, there is a report indicating the importance of fgl2 molecule for thrombin generation in acute humoral xenograft rejection (Cooper et al. 2016) .
In this study, we first checked that fgl2 proteins share 90% homology between human and porcine, and have a conserved fibrinogen-related domain (FRED) in the C terminus of the protein, which indicates the possible involvement of porcine fgl2 in the formation of a prothrombotic microenvironment in xenotransplantation ( Figure 1A ). Indeed, a previous study showed that porcine fgl2 can convert human prothrombin to functional thrombin (Ghanekar et al. 2004) . After confirming the molecular homology of fgl2 proteins, we employed various methods to stimulate CD40 signal in endothelial cells. In the co-culture experiment using Jurkat D1.1 cells expressing high levels of cell surface CD40L (Choi et al. 2008) , the neutralizing anti-CD40 antibody completely blocked the induction of fgl2 mRNA expression in endothelial cells. This result indicates that the increase of fgl2 transcripts in MPN3 cells stimulated with Jurkat D1.1 cells is mainly dependent on CD40 signal ( Figure 1B) . Moreover, when MPN3 cells were treated with agonistic anti-CD40 antibody alone, fgl2 expression was increased ( Figure 1C) . Interestingly, fgl2 expression was induced rapidly in MPN3 cells when cells were stimulated by THP-1 cells, which means that human monocytes may express variable other factors stimulating porcine endothelial cells beyond co-stimulatory signals.
Immunofluorescence microscopic analysis showed that fgl2 expression on MPN3 cell surface was increased at early time after treatment of TNF-α or agonistic anti- Figure 3 . Generation of human thrombin by up-regulated fgl2 in porcine endothelial cells. Thrombin generation assay was performed to validate the enzyme activity of fgl2. After treatment of TNF-α (20 ng/mL) or agonistic anti-CD40 antibody (5 μg/mL), the absorbance was measured using a chromogenic substrate (Chromozym TH), and the amount of thrombin was calculated by comparison with a standard curve. Striped bars (▨) indicate TNF-α group (N = 6) and black bars (▪) indicate agonistic anti-CD40 antibody group (N = 6). Figure 4 . CD40 or fgl2 knock-down effect on fgl2 activity. (A) To investigate the efficacy of CD40 knock-down system, porcine CD40 expression vector and shCD40 expression vector were co-transfected into COS-7 cells, and CD40 was detected by immunofluorescence microscopy. DAPI staining was performed to identify cell nuclei. (B) shFgl2 expression vector was transfected into endothelial cells and fgl2 expression was analyzed by western blot. α-tubulin was detected as a quantitative control. (C) Thrombin generation assay was performed to measure the effect of knock-down system on the prothrombinase activity of fgl2. Although agonistic anti-CD40 antibody upregulated the enzymatic activity (white bars), the thrombin generation was not increased by CD40 signal stimulation in knock-down cells (shCD40, striped bars; shFgl2, black bars) (N = 5, ** p < 0.01).
CD40 antibody, and reduced after 9-12 h (Figure 2) . However, western blot analysis showed that fgl2 protein was still expressed up to 24 h after treatment with TNF-α or agonistic anti-CD40 antibody ( Figure 1C ). This discordance in data may be explained by the discrepancy in subcellular localization of fgl2 protein, which means that the functional fgl2 showing prothrombinase activity is detected only on the cell surface membrane. In addition, we performed prothrombinase assay to investigate the variation of fgl2 activity by CD40 signal and found that the enzyme activity of fgl2 was increased at 3-9 h after stimulation with agonistic anti-CD40 antibody and decreased after 12 h (Figure 3) . Therefore, these results demonstrate that fgl2 may be biologically active only on the cell surface membrane, although its expression is still detected in endothelial cells.
Next, knock-down systems were used to verify the effect of CD40 signal on fgl2 up-regulation (Figure 4) . For this purpose, we employed an shRNA expression system (Choi et al. 2005) . After confirming the inhibitory effect of each shRNA, the prothrombinase activity of fgl2 was tested. Compared to shCTR (negative control), shCD40 completely inhibited the generation of thrombin. We also noticed that prothrombinase activity in MPN3 cells expressing shFgl2 was very low, before as well as after CD40 stimulation. These results clearly show that surface fgl2 molecule plays a key role in thrombin generation, even in unstimulated endothelial cells, and that CD40 signal can provoke the up-regulation of fgl2. In addition, these results may propose a mechanism for the down-regulation of fgl2 expression by neutralizing anti-CD154 (CD40L) monoclonal antibody in allotransplantation model (Ghanekar et al. 2004) .
We previously reported that xenogeneic interaction between human CD40L and porcine CD40 can activate porcine endothelial cells, and increase the expression of adhesion molecules or chemokines via the NF-κB signaling pathway (Choi et al. 2008) . Combined with the results of this previous study, here, we demonstrate that the activation of porcine endothelial cells by CD40 signal can up-regulate fgl2 expression and its prothrombinase activity, and suggest that genetic modification targeting CD40 or fgl2 should be considered to avoid thrombotic microenvironment causing xenotransplant rejection.
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